The idea that ligand binding energy contributes to the overall energetics of the open state allows us to analyze quantitatively the effects of ligands with different binding affinities and mutations at the ligand binding pocket on the closing rate of the channel (also known as mutant cycle analysis). Mutant cycle analysis was first introduced by Carter et al. (1984) to detect structural changes in the active site of the tyrosyl-tRNA synthetase. Later, this method was used successfully to identify direct interactions between the K + channel and its inhibitors, such as charybdotoxin (Naranjo and Miller, 1996) and scorpion toxin (Hidalgo and MacKinnon, 1995; Gross and MacKinnon, 1996; Ranganathan et al., 1996) . Recently, mutant cycle analysis has been used in CFTR to demonstrate that the open state corresponds to the NBD dimer (Vergani et al., 2005) . Although we use the closing rate, instead of free energy, for our analysis, the principle of our mutant cycle analysis is essentially the same as the conventional mutant cycle analysis.
The closing rates used in our mutant cycle analysis are obtained from macroscopic current relaxation. In theory, the relaxation time constant upon withdrawal of ligand is determined by the channel closing rate, opening rate, and the ligand dissociation rate if a simple ligand-gated kinetic scheme is assumed. In the case of CFTR channels, we argue that the relaxation time constant reflects mainly the closing rate of the channel for the following reasons. First, unlike classical ligand-gated channels, such as nicotinic acetylcholine receptor with an opening rate as fast as 10,000 s −1 (e.g., Liu and Dilger, 1991) , the maximal opening rate for CFTR is very slow (<3 s −1 ). This is perhaps not surprising given large conformational changes upon dimerization of the two NBDs that are coupled to channel opening (Vergani et al., 2005) . Second, previous biochemical studies show that dissociation of nucleotide from NBD2 is fast (e,g., Szabo et al., 1999; Aleksandrov et al., 2001; Aleksandrov et al., 2002) . This is also expected because unlike other ATP binding proteins whose ATP binding pocket is well embedded, the ATP binding pocket of ABC transporters is rather exposed. Therefore, upon dissociation of the NBD dimer, ATP likely dissociates from its binding pocket quickly. Third, the opening rate of CFTR channels in the absence of ATP is extremely slow (~0.005 s −1 in Bompadre et al., 2005) . Lastly, the closing step, representing the dissociation of the NBD dimer, is slow and likely to be the rate-limited step for the overall current decay upon removal of ATP because the dimer is energetically stable due to extensive interactions at the dimer interface (e.g., Smith et al., 2002; Chen et al., 2003) . According to our mathematic derivation, as long as the ligand dissociation rate is much faster than the channel opening rate and closing rate, the relaxation time constant is determined mainly by the closing rate of the channel. 
A single prefactor is used in the equation since we are not using any single equation to determine ∆G. Instead, ratios of two rate constants will be calculated for comparison (see below). On the other hand, when a high affinity ATP analogue (e.g., P-ATP) stabilizes the open state by providing extra binding energy, the closing rate for P-ATP-opened channels will be decreased.
The ratios of the closing rates between ATP-opened and P-ATP-opened channels for O and M are as follows.
If P-ATP stabilizes the open state by binding to the NBD2 site, the free energy gained from P-ATP binding compared with ATP binding should be the same for O and M if we assume that the binding site at NBD2 is not altered by the mutation at the NBD1 site (i.e., G O − G OP = G M − G MP ) . Then, the ratio of the closing rate between ATP-opened and P-ATP-opened channels should remain constant (i.e., k c (O)/k c (OP) = k c (M)/k c (MP)).
Data shown in Fig. 4 C contradict this prediction since k c (O)/k c (OP) = ~2, whereas k c (M)/k c (MP) = ~4. Therefore, it is likely that P-ATP's effect on the closing rate is not through its binding at the NBD2 site. On the other hand, if P-ATP stabilizes the open state by binding to the NBD1 site, the free energy gained by P-ATP binding will vary with the mutations introduced into the NBD1 binding pocket (i.e., G O − G OP ≠ G M − G MP ). Thus, the ratio of the closing rate between ATP-opened and P-ATP-opened O will be different from that of M as seen in Fig. 4 C.
The hypothesis that P-ATP binding at the NBD1 site stabilizes the open state predicts that mutations decreasing the binding affinity at the NBD2 binding pocket (e.g., Y1219G) will not affect the free energy gained by P-ATP binding. Indeed, the ratio of the closing rate between ATPopened and P-ATP-opened Y1219G/E1371S is nearly the same as that for E1371S (Fig. 4 C) . Thus, based on the mutant cycle analysis described above, we conclude that P- It should be noted that the mutant cycle analysis described above is based on the notion that the process from the open state to the transition state (the "right" half of the energetic scheme in Fig. S1 ) is the rate-limiting step for the overall current decay. If we consider an alternative scenario that dissociation of ligand from the ligand-bound closed state is the rate-limiting step, a similar mutant cycle analysis can be applied and the same conclusion that P-ATP exerts its effect on channel open time through its binding to the NBD1 site still can be reached (albeit different structural interpretations).
